In optical microscopy, most red-emitting dyes provide only moderate performance due to unspecific binding, poor labeling efficiency, and insufficient brightness. Here we report on four novel red fluororescent dyes, including the first phosphorylated dye, created by combining a rigidized rhodamine backbone with various polar groups. They exhibit large fluorescence quantum yields and improved NHS ester stability. While these fluorophores are highly suitable for fluorescence microscopy in general, they excel in stimulated emission depletion (STED) microscopy, providing < 25 nm spatial resolution in raw images of cells.
Introduction
Red fluorescent labels are particularly useful in life sciences, especially in biological fluorescence microscopy and single molecule spectroscopy (Fu et al. 2008; Bruyneel et al. 2010 ), because they require excitation photons of lower energy thus entailing less background due to autofluorescence. In addition, they are particularly attractive for stimulated emission depletion (STED) microscopy (Hell and Wichmann 1994; Klar et al. 2000; Dyba et al. 2003) because their fluorescence can be stopped with near-infrared wavelengths (typically > 750 nm) that are not only relatively benign to the sample, but also leave the visible spectrum open for the detection of other fluorophores. Therefore, optimizing the brightness, stability and solubility of red fluorescent dyes directly translates into improved performance in all aforementioned fluorescence microscopy modes and STED microscopy in particular.
Because of their good photophysical properties, rhodamine dyes represent an excellent scaffold for the synthesis of improved red fluororescent dyes. One of the most frequently used red emitting dyes for single molecule, confocal, and STED microscopy has been Atto647N (Willig et al. 2007; Eggeling et al. 2009 ). With its large extinction coefficient and high quantum yield, this fluorophore enabled many early STED microscopy studies. Despite these merits, the image contrast was often only modest, which is most likely caused by the lipophilic character of this dye, its low solubility in water, and the resulting unspecific binding to cellular membranes. Also, the presence of two diastereomers may pose problems in analyses like gel electrophoresis or high-performance liquid chromatography (HPLC).
Recently we reported on the red-emitting rhodamine dye KK114 (Figure 1 ), a bright, photostable, and highly water-soluble fluorescent marker for biomolecules. While KK114 was successfully applied in confocal and STED microscopy (Bückers et al. 2011; Hua et al. 2011; Wurm et al. 2011) , the disadvantage of this compound is the negative net charge of the dye residue (making dye conjugates tentatively not cell-permeable), and the moderate hydrolytic stability of the NHS ester. Other dyes, e.g. Cy5 and Alexa647, have been considered but their photostability cannot match the properties of the above dyes under STED imaging conditions. Hence, Atto647N and KK114 set the benchmark for red-emitting, photostable fluorophores both in confocal and STED microscopy.
In addition to showing the reversible fluorescence offswitching by STED, the new dyes have to fulfill the following criteria: optimal positions of absorption and emission maxima, high brightness, good photostability under excitation around 620-650 nm and STED in the range of 750-775 nm. Equally important features of the dyes are hydrophilic character, stability of amino reactive derivatives (e. g., NHS esters), and stability of bioconjugates. To overcome the limitations of the currently widely used dyes, we designed molecules with a rigidized rhodamine fluorophore which is known for its good photophysical properties (Kolmakov et al. 2010 ). Here we describe the properties of these novel red fluorescent dyes and their performance in STED microscopy.
Results

Structure and properties of the new red dyes
The stability of a dye's NHS-ester in aqueous solutions influences not only the handling, but also the yield and reproducibility of reactions with biomolecules such as proteins in bioconjugation procedures. In an effort to improve the stability of the NHS esters, an analog of the dye KK114 with a longer linker between the dye core and the NHS moiety was prepared, shown as KK1119 in Figure 2 . The elongation of the linker from 2 to 3 carbon atoms (visible in the structures in Figures 1 and 2 ) increased the hydrolytic stability of the corresponding NHS esters, while maintaining the favorable properties of KK114.
Additionally, both variable positions (R and X) in the rhodamine backbone were utilized to obtain compounds with improved properties (Figure 2 ). Particularly, hydroxylation of two methyl groups (at position R) attached to the C = C double bonds converted them into the corresponding allylic alcohols (R = OH). This transformation provided compound KK9046, without introducing an additional negative charge inhibiting cell-permeability.
To further improve the water solubility of the hydroxyl substituted dye (KK9046), the second variable position (X) was involved. One of the four fluorine atoms in the aromatic ring was selectively exchanged with a 2-mercaptoethyl sulfonic acid residue (X = S(CH 2 ) 2 SO 3 H; Figure 2 ). This modification had only minor effect on the spectral properties of the dye and provided an "amphiphilic dye", called Abberior STAR635, with good performance in imaging and a very stable NHS-ester. Finally, the hydroxymethyl residues in the rhodamine KK9046 were transformed into primary phosphate groups (R = OP(O)(OH) 2 ) providing a new dye, dubbed STAR635P. To our knowledge, this is the first phosphorylated rhodamine representing a new alternative to the widely used sulfonated fluorophores. High polarity and the increased number of acidic protons (relative to sulfonic acid residues) in the phosphorylated dye STAR635P provide good solubility in neutral and basic aqueous solutions (pH > 7) accompanied by a large fluorescence quantum yield.
While the syntheses of the new dyes and all the related data will be detailed elsewhere (Kolmakov et al. 2012) , Figure 2 shows the properties of the new red-emitting compounds and the benchmark dyes Atto647N and KK114. The required spectral properties and fluorescence quantum yields of the new dyes in solution are similar to the benchmark dyes. In antibody conjugates, the fluorescence quantum yields were found to be high (up to 48%). These are, to our knowledge, the highest values that have so far been reported for near-IR emitting dye conjugates with proteins. The net charges of the new dyes were varied; in conjugates of KK9046 and STAR635 they are positive and zero, respectively, which is favorable for cell permeability (Kolmakov, et al. 2012) . As expected, the polar groups − sulfonic acid, hydroxyl and primary phosphate residues − increase the solubility in water and aqueous buffers relative to Atto647N. In addition, we found that the elongation of the linker between the fluorophor and NHS moiety led to an increased stability of the NHS esters compared to KK114. The fluorescence lifetime of the free dyes and antibody conjugates in solution was found to be comparable for the benchmark dyes and the new dyes (Figure 2 & additional file). In cell samples the lifetimes were found to be different, though. The shortest lifetimes were 1.2 ns for Atto647N and KK1119, whereas the longest ones were well above 3 ns for KK114 and STAR635P (Figure 2 , Additional file 1: Figure S2 ).
STED imaging performance of new red dyes
For STED microscopy and the corresponding confocal microscopy, either a stage scanning STED microscope (Exc. 635 nm; STED 775 nm/ 20 MHz/ 1 ns pulses from frequency-doubled fiber laser; Detection range 670/ 40 nm) or a beam scanning STED microscope (Exc. 640 nm; STED 760 nm/ 76 MHz/~200 ps pulses upchirped from 100 fs mode-locked Ti: Sapphire laser; Detection range 670/40 nm) was used. The cultivation of cells, antibody and immunolabeling was performed as described elsewhere (Wurm et al. 2010) . For further details on imaging and sample preparation, please refer to the additional file.
We found that all new dyes are especially suitable for immunofluorescence assays and imaging (Figure 3) . The confocal images are bright, demonstrating high signal-to-noise ratios while their STED counterparts provide, in addition, outstanding spatial resolution. Atto647N and STAR635 yield the brightest STED images. Another important parameter associated with brightness is the staining contrast, i.e. the absence of a fluorescent background stemming from unspecific staining. In this respect, STAR635P performs best, as it produces practically no background. The performance of the two hydroxylated dyes in imaging − KK9046 and STAR635 − is virtually the same, which is in good agreement with the similarity of their photophysical properties. Having a sulfonic acid group, STAR635 has superior solubility in water, and is even better soluble in aqueous NaHCO 3 and/or PBS buffer solutions (compared to KK9046).
Recording STED images of the Nup153 subunit of the nuclear pore complex (NPC) in cultured mammalian cells, we found this subunit (which is distantly located in the nuclear basket) to form clusters with a diameter of 40-60 nm (Additional file 1: Figure S3 ). This finding is in line with previous electron microscopy data (Fahrenkrog et al. 2002) .
To quantify the spatial resolution that is achieved with the different dyes, we identified isolated bright point-like fluorescent objects, most likely due to individual antibody clusters (Figure 4) . Evaluating their profile in the focal plane revealed a resolution of 230 nm in the confocal case, while in the STED case a resolution of <25 nm was achieved. As a result, the combination of fluorophore, pulse wavelength and duration provided añ 9-fold increase in resolution. Note that this resolution is attained in raw data and hence exclusively based on optically induced molecular transitions.
The imaging performance with STAR635P was further evaluated by directly comparing Atto647N and STAR635P on immunolabeled tubulin fibers in mammalian cells ( Figure 5 ). The images consistently prove the severely reduced background signal in the STAR635P staining. All labeling procedures were optimized for each individual dye. Figure 6 compares the confocal and STED images of immunofluorescence labeled Vimentin using STAR635P. Note the superior contrast and resolution attained in raw data.
Conclusion and outlook
The novel red fluorescent dyes investigated in this study afford superior image brightness and contrast owing to the low background and large fluorescence quantum yields. Moreover, they enable a spatial resolution down to 25 nm in raw STED microscopy data. We also identified phosphorylated fluorophores as alternatives to the traditional sulfonated counterparts which show reduced unspecific background fluorescence. This finding may form the basis of a new family of fluorescent compounds providing unparalleled properties not only for far-field Figure 4 Spatial resolution with the benchmark dyes and the four novel red dyes in the focal plane of a STED microscope. The insert panels show the individual 'point-like' raw data spots (most likely antibody clusters) from which the shown line profiles were extracted, indicating the spatial resolution in the focal plane. The solid lines represent optimal Gaussian fit curves. The novel STAR dyes provides a focal plane resolution of <25 nm (in raw data). Scale bars, 500 nm. optical nanoscopy, but all applications of fluorescence labeling, including single molecule studies and (bio)analytical chemistry.
Additional files
Additional file 1: Figure S1 . Absorption and emission spectra of the benchmark dyes ATTO647N and KK114. Additional file 1: Figure S2 . Fluorescence decay and lifetime of the red dyes in cell samples (PtK2 cells; vimentin labeling): curves fitting the spontaneous decay of the fluorescent state. Note that the slope of the curves varies for the different dyes, resulting in fluorescence lifetimes ranging from 1.2 ns to 3.6 ns. Additional file 1: Figure S3 . Measurements of the size of nuclear pore complexes. After immunolabeling with the different fluorophores and imaging with super-resolution STED microscopy, the average diameter of the nuclear pore complexes was determined (n>5). Using fluorophores with improved solubility in aqueous buffers, smaller average sizes of the nuclear pore complexes were determined. This is most likely due to the superior signal-to-noise ratio in the images. Supplemental Methods and Results: (Enderlein and Erdmann 1997) , (Fery-Forgues and Lavabre 1999) . 
